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ABSTRACT
Linoleic acid, with a DRI of 12-17g/d, is the most highly consumed polyunsaturated fatty
acid in the Western diet and is found in virtually all commonly consumed foods. The concern
with dietary linoleic acid, being the metabolic precursor of arachidonic acid, is its consumption
may enrich tissues with arachidonic acid and contribute to chronic and overproduction of
bioactive eicosanoids. However, no systematic review of human trials regarding linoleic acid
consumption and subsequent changes in tissue levels of arachidonic acid has been undertaken.
In this study, we reviewed the human literature that reported changes in dietary linoleic acid and
its subsequent impact on changing tissue arachidonic acid in erythrocytes and plasma/serum
phospholipids. We identified, reviewed, and evaluated all peer-reviewed published literature
presenting data outlining changes in dietary linoleic acid in adult human clinical trials that
reported changes in phospholipid fatty acid composition (specifically arachidonic acid) in
plasma/serum and erythrocytes within the parameters of our inclusion/exclusion criteria.
Decreasing dietary linoleic acid up to 90% was not significantly correlated with changes in tissue
arachidonic acid levels (p=0.39). Similarly, when dietary linoleic acid levels were increased six
fold, no significant correlations with tissue arachidonic acid levels were observed (p=0.72).
However, there was a positive relationship between dietary gamma-linolenic acid and
arachidonic acid on changes in tissue arachidonic levels. Our results do not support the concept
that modifying current intakes of dietary linoleic acid has an effect on changing tissue levels of
arachidonic acid in adults consuming Western-type diets.
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Chapter 1

Introduction
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1.1 Dietary Lipids: Digestion, Absorption and Transportation
Triacylglycerols (TAG), followed by phospholipids (PL), are the major source of dietary
lipids in the human diet. Digestion of lipids begins in the mouth with partial hydrolysis of sn-3
fatty acids of TAG by lingual lipase (1), and subsequently by gastric lipase in the stomach.
Along with gastric lipase, the stomach aids digestion with gastric grinding and the result is a
mixture of emulsified components containing lipids and the enzymatic products (2). The
emulsion enters the small intestine where digestion of lipids continues. Pancreatic lipase (in the
presence of colipase) cleaves fatty acids from the sn-1 and sn-3 positions of TAG (2).
Phospholipids are acted upon by pancreatic phospholipase A2 at the sn-2 position generating free
fatty acids (typically a polyunsaturated fatty acid) and lysophospholipids. Cholesterol esters are
acted upon by cholesteryl esterase forming free fatty acids and unesterified cholesterol.
In order for these hydrophobic products of digestion to be absorbed by intestinal mucosal
cells, they have to become sufficiently soluble within the aqueous environment to cross the
unstirred water layer (3). For this to happen, aggregates of fatty acids, cholesterol,
lysophospholipids and monoacylglycerides are combined with bile salts and acids to form
micelles (10-12).
These small emulsified aggregates of lipid products transverse the unstirred water layer
and are absorbed by enterocytes passively or by active transport. The active transporter for fatty
acids, FATP4, is responsible for absorption when concentrations of fatty acids are low (4), but at
high concentrations, diffusion is the predominant mechanism. After absorption, fatty acids are
delivered to the endoplasmic reticulum (ER) of the enterocyte via fatty acid binding proteins (5)
where they are re-esterified into TAG, cholesterol esters and phospholipids. Along with
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cholesterol and apoproteins, these lipid components are incorporated into chylomicrons for
transport in the general circulation (6).
The fatty acids from the TAG of the chylomicrons are delivered to extrahepatic tissues
via the action of lipoprotein lipase (through the generation of two free fatty acids and a
monoacylglycerol). Loss of TAGs results in remodeling of the chylomicron where surface
components containing phospholipids, cholesterol and cholesterol esters form the backbone of
other lipoproteins (i.e., high density lipoproteins), resulting in a chylomicron remnant that is
subsequently cleared by the liver. The liver either uses (metabolizes) these lipid components or
repackages them with endogenously synthesized lipids from the endoplasmic reticulum into very
low density lipoproteins (VLDL) for delivery to extrahepatic tissue. While in the plasma, the
TAGs from the VLDL can follow a similar metabolic path as that of the chylomicron. The
resulting remnant can pick up cholesteryl esters from high density lipoproteins in its conversion
to low density lipoproteins or be cleared by receptors in the liver. The re-circulated lipids
associated with lipoproteins are the source of fatty acids for plasma phospholipids and represent
those lipids derived from the endoplasmic reticulum of hepatocytes (7, 8).
1.2 Essential Fatty Acids.
Evidence for the essentiality of certain types of fats emerged in the early 1900’s
when a lipid-deficiency disease was reported in rodents. Rodents fed lipid-free diets
developed clinical symptoms such as hindered growth, weight loss and dermatitis (9).
Dermatitis is a skin condition that typically exhibits red, scaly skin and dandruff, and can
manifest itself with dermal lesions (9). Feeding a lipid source, i.e. lard, rescinded these
symptoms and restored growth. From this experiment, it appeared that dietary fat, like
vitamins, played a unique role in supporting basic physiological systems. However, lard
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contains a variety of saturated, monounsaturated and polyunsaturated fatty acids and
necessitated research with other oils and individual fatty acids to discern the curative effects.
In subsequent studies, corn oil and linseed oil also alleviated the symptoms, while butter and
coconut oil failed to do so (10). Further work found that feeding linoleic acid (LA) and
arachidonic acid (AA), in isolation, cured these clinical symptoms, although a lower amount
of AA was needed (11).
The rodent observations of essential fatty acids resembled human observations.
Confirmation of deficiency symptoms were seen in adult males given LA-deficient
intravenous therapy, and LA-containing oils alleviated these symptoms (12). Similarly,
evidence emerged when infants receiving intravenous therapy developed similar EFAdeficiency symptoms and they also were cured with methyl-linoleate (13). These combined
results suggested a common requirement of LA for rodents and humans.
1.3 Polyunsaturated Fatty Acids
Essential fatty acids belong to a larger family, called polyunsaturated fatty acids (PUFA).
PUFA are a group of fatty acids that have more than one double bond (14). They are divided
into several families, depending upon the location of the terminal double bond closest to the
methyl end, i.e., double bonds located 3, 6, or 9 carbons from the terminal methyl carbon These
families are non-interconvertible, since mammals lack the ability to introduce double bonds
beyond the ninth carbon from the carboxylic acid end (15). One of the families is the n-6 fatty
acids. The designation for this family is due to the terminal double bond at the sixth carbon from
the methyl end. Of all the dietary PUFAs, the n-6 family is consumed in the greatest amount in
the Western diet (16).
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1.4 Dietary n-6 PUFA and Tissue Arachidonic Acid
The parent compound of n-6 PUFA family is LA (18:2n-6). LA is ubiquitous in nearly all
commonly consumed foods in the Western diet and is also the predominant PUFA in foods
(60%-100% of total PUFA content in virtually all commonly consumed foods). LA is found in
the highest concentrations in vegetable oils, nuts and legumes, although significant amounts are
also found meat, eggs and animal products. Once consumed, LA and other n-6 PUFAs can be
delivered to tissues, as described previously, and in incorporated into the sn-2 position of
phospholipids by a variety of acyltransferases (17). Following consumption, LA can also be
converted to downstream n-6 fatty acids following the action of delta-6 desaturase (Figure 1).
This enzyme is the rate-limiting step in the formation of more highly unsaturated fatty acids. LA
is converted to gamma-linolenic acid (GLA, 18:3 n-6) via the delta-6 desaturase, which is
immediately elongated to di-homo-gamma-linolenic acid (DGLA, 20:3 n-6) with the addition of
two carbons by an elongase. AA (20:4n-6) is formed from DGLA via the action of delta-5
desaturase, with the addition of a double-bond between the 5th and 6th carbons.
Of these n-6 PUFA, LA and AA are preferentially incorporated into membrane
phospholipids. Phospholipids are polar lipids that form the non-hydrophilic barrier of the cell
membrane. Their unique properties are a result of a hydrophilic head, containing a phosphoester
bond linked to a charge (choline, serine, inositol, ethanolamine) and two hydrophobic fatty acid
tails, attached by ester bonds. The sn-1 position is reserved for saturated and monounsaturated
fatty acids, and the sn-2 position is reserved for PUFA(18). The remodeling of fatty acid
composition of phospholipids is carried out by a variety of acyltransferases, which incorporate
fatty acids into the sn-1 and sn-2 positions (19). With constant remodeling (incorporation,

6
release, re-incorporation), there appears to competition for the sn-2 position among various
PUFAs fatty acids, whereby LA and AA compete for incorporation (20).
Tissue phospholipids are responsive to dietary lipid intake following delivery of these
lipids via the various circulating lipoproteins. Some tissue phospholipids respond more acutely to
dietary PUFA (such as plasma phospholipids), while others exhibit more long term exposure,
i.e., erythrocytes (21, 22). Erythrocytes are formed in the bone marrow with a life span of 120
days and the fatty acids found in these phospholipids represent a more stable pool of dietary
PUFA compared to the plasma phospholipid pool (23, 24)

Vegetable
oils, meats

LA
Delta 6 Desaturase

Specialty oils

GLA
Elongase

DGLA
Delta 5 Desaturase
Meats, fish,
eggs

AA

Figure 1. N-6 metabolic pathway. A series of enzymatic steps converts linoleic acid to highly
unsaturated n-6 derivatives.
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Arachidonic Acid Cascade
AA is a major PUFA associated with membrane phospholipids. When released from
phospholipids via a variety of phospholipases, AA can be enzymatically oxidized to hundreds of
bioactive derivatives called eicosanoids. The formation of these compounds are collectively
referred to as the AA cascade and are mediated by a group of enzymes called cyclooxygenases
(COXs) and lipoxygenases (LOXs), as well as enzymes associated with the cytochrome P450
system (Figure 2).
Eicosanoids
Eicosanoids are bioactive lipid compounds (eicosa- means 20) derived from highly
unsaturated fatty acids with a length of 20 carbons, i.e. AA. The first eicosanoids were
discovered from the seminal fluid of the prostate gland with smooth cell muscle relaxing
properties and were termed “prostaglandins” (25-28). Subsequent research demonstrated that
there were many prostaglandin-like compounds (29-31). In 1964, it was discovered that AA was
the parent compound of these prostaglandins (32).
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Membrane
phospholipids
Phospholipase A2
AA

LOX Pathway
(5,12,15 LOX )

COX
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Cytochrome
P450

(COX-1,2)

12/15
HPETE,
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PGs, TXA2

EETs

Figure 2. Arachidonic acid cascade. AA is converted to eicosanoids through lipoxygenase
(LOX), cyclooxygenase (COX), and cytochrome P450 pathways.
Cyclooxygenase pathway
Prostaglandins are produced by the action of cyclooxygenase (COX) and are
characterized by the addition of two molecules of oxygen forming a distinct endoperoxide ring.
There are two isoforms, COX-1 and COX-2. COX-1 is constitutively expressed at relatively low
levels in all tissues, and in some tissues is the only isoform, i.e., platelets. It has been identified
to be important in a number of tissues. For example, it is involved in maintaining the integrity of
the gastric mucosa (33), modulation of renal blood flow (34), and regulation of platelet
aggregation (35). In contrast, COX-2 is the inducible isoform. It is expressed following
stimulation of growth factors and proinflammatory cytokines, and as such, is the target of a
number of selective COX-2 inhibitors such as Celebrex® (36). COX-2 is involved in
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inflammation, cancer and cardiovascular disease (CVD) and increases in response to injury. The
COXs are the committed steps for the conversion of AA to prostaglandin (PG)H2, the parent
compound to the 2-series prostaglandins (i.e., PGE2), thromboxane (TXA2) and prostacyclin
(PGI2) (37).
The LOXs are a family of lipid oxygenases that incorporate molecular oxygen on AA at
specific sites forming lipid peroxide derivatives (38). If the oxygen is attached at carbon 5, it is
referred to as a 5-LOX. If it incorporates oxygen at carbon 12, it is a 12-LOX, carbon 15, a 15LOX, and so. The LOX pathways produce a variety of proinflammatory eicosanoids (39). 5LOX is responsible for the formation of leukotrienes (LTs), such as LTB4, LTC4, LTD4, LTE4
(40). They are potent inflammatory mediators produced by a variety of tissues. LTB4 is a key LT
produced by leukocytes that is involved in activation of neutrophils (41), while the cysteinyl
leukotrienes (LTC4, LTD4, LTE4) are key mediators of asthma and anaphylaxis. Even vascular
tissue, such as the aorta produces LOX products that along with leukocytes are believed to be
critical for the progression of cardiovascular disease (42, 43)
1.6 Inflammation
Inflammation is a biological response to injury. Immune cells contribute to this response
in a variety of ways, among them through the production of bioactive eicosanoids, such as PGs,
LTs and TXA2 and are a target for anti-inflammatory therapies, such as non-steroidal antiinflammatory drugs (NSAIDs) (i.e., aspirin, Celebrex). Chronic and over-production of
eicosanoids have been linked to arthritis, inflammatory bowel disease, atherosclerosis, chronic
hepatitis, liver cirrhosis, asthma and psoriasis (44-48). Arachidonic acid is of interest because it
is the precursor for the inflammatory eicosanoids and a number of recent reviews have outlined
the role of dietary lipids and eicosanoids in inflammation and the immune response (47-51).
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These reviews highlight the importance of antagonizing AA metabolism as a targeted
intervention for treatment. Since tissue AA content influences inflammation, LA is thought to
influence inflammatory biomarkers by enriching the AA pool (48), and therefore, contribute to
inflammation in tissues (52). However, the link between LA and inflammatory biomarkers has
not been substantiated and increasing levels of LA may in fact reduce inflammation (53, 54)
Therefore, there appears to be contradictory evidence regarding the link between LA and AAmediated inflammation.
1.5 CVD
A variety of eicosanoids are implicated in the pathogenesis of CVD and involves
platelets, endothelial cells, macrophages, erythrocytes, mast cells, neutrophils, granulocytes,
lymphocytes and vascular smooth muscle cells (55, 56). Platelets are key initiators and
promoters in this process (57) and tissue AA content is positively associated with TXA2
production (a pro-aggregatory eicosanoid) and platelet aggregation (58, 59). When activated,
platelets produce TXA2 and in turn recruit and activate surrounding platelets, resulting in
vasoconstriction, platelet vascular wall interaction, the release of cysteinyl leukotrienes, more
TXA2 production and a plethora of a molecules (i.e., chemokines) that activate and recruit
monocytes, leukocytes and lymphocytes, key mediators of vascular inflammation (57, 60, 61).
Inhibition of platelet vascular wall interaction reduces atherosclerotic lesion formation (62), and
inhibition of platelet COX activity is believe to be an underlying mechanism for the antiatherogenic effects of NSAIDs, such as aspirin (63).
Following recruitment of monocytes to the subendothelium, activation/transformation of
macrophages generate reactive oxygen species, tissue factor procoagulants, proinflammatory
cytokines and a variety of eicosanoids via the 5-, 15-LOX and COX-2 pathways (56, 64).

11
Increased expression of 15-LOX is believed to be involved in oxidation of LDL (56, 65).
Enrichment of macrophages with AA significantly increases the production of eicosanoids in
general (14, 66), promoting the atherogenic process.
These data linking AA metabolism and cardiovascular disease provides some concern as
to the link between its precursor LA and risk. If dietary LA were to be converted to AA and
further enrich tissues with AA, this could contribute to the disease process. However, a recent set
of reviews suggest that LA may reduce risk of CVD (67, 68).
1.7 Cancer
Inflammation is an underlying mechanism linked to many cancers i.e. hepatitis,
inflammatory diseases of the bowel (69-73), and bioactive lipids from the AA cascade are key
mediators of inflammation. In particular, COX-2 and its downstream AA product, PGE2, has
singled out as a key cancer promoter (74). Wang and Dubois elegantly describe how COX-2 and
PGE2 in particular are involved in proliferation, immuno-suppression, angiogenesis, apoptosis
and metastasis and invasion (75). Overexpression of COX-2 is a characteristic of many
malignancies (76-78) and inhibition or down regulation of this enzyme attenuates tumorigenesis
(79, 80). It is believed that PGE2 is the key mediator in this process (81). PGE2 induces intestinal
epithelial cell proliferation and COX-2 expression in adenomas in mice with a defect in the Apc
gene (mutation of an early gene involved in human colorectal cancer) (82). Similarly, expression
of 15-prostaglandin dehydrogenase and the ability to degrade PGE2 is reduced in tumors
compared to normal tissue (78). Coupled with over expression of COX-2, enriching tissues with
AA would augment PGE2 levels and enhance its protumorigeneic activity. This was observed
when ApcMin/+ mice were treated with PGE2 (83).
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In support of these results, inhibition of the conversion of LA to prostaglandins, through
AA, attenuates tumorigenesis (79, 84-86). This is particularly important from a diet perspective.
Antagonism of AA metabolism (either with NSAIDs or long chain omega-3 fats) inhibits
tumorigenesis, and by-passing these inhibitions restores tumor load. For example, the omega-3
fatty acid EPA may reduce tumor load by attenuating AA content, and therefore the AA cascade
(85). Most importantly is that the AA cascade is restored with dietary AA, even when fed
alongside EPA (87). Critically important to this discussion is the fact that selectively inhibiting
delta-6 desaturase in mice fed a diet containing LA, reduced tumor number by 35%, while the
concomitant addition of AA with the inhibitor had no effect as compared to controls (88). These
data are consistent with the extensive literature outlining the protective effects of NSAIDs on
colorectal cancer (89, 90).
1.8 Dietary Linoleic Acid and Tissue Arachidonic Acid
LA is the sole contributor to tissue AA in the absence of other dietary n-6 PUFA. This
was first demonstrated in rodent studies. When rodents were fed lipid-deficient diets, a nonlinear, dose-dependent enrichment of tissue AA occurred with increasing levels of dietary LA.
In these studies, the diets were devoid of other PUFA, essential and non/conditionally-essential,
that could contribute to the maintenance of physical properties required for normal cell function
(i.e., membrane fluidity). In compensation, this could potentially exacerbate the rate and extent
of this conversion. However, in the presence of other PUFA with similar properties, such as long
chain n-3 PUFA, this relationship becomes more complicated in that they can be a suitable
replacement for AA in tissues. Therefore, providing rodents with diets containing only LA may
demonstrate that LA can and is metabolized to AA, eventually reaching a threshold (11), but the
ability to quantitatively extrapolate these results to humans is uncertain.
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In humans, LA is the major dietary PUFA in the Western diet at 12-17 grams per day for
women and men, respectively (91), or approximately 6% of energy. The consumption of LA
coincides with the commercialization and availability of vegetable oils (92). This intake is
complemented by consumption of other PUFA where each PUFA family competes for
metabolism and incorporation into membrane phospholipids. If n-6 PUFA is the predominant
family, then the fatty acids from this family should theoretically dominate membrane
phospholipids.
The minimum requirement for dietary LA has been estimated to be less than 2% of
energy in humans (13, 93), and the levels of LA in the diet to achieve essentiality in infants could
be as low as 0.5% of energy (13, 94). In adults, it has been reported that tissue levels of AA no
longer change in response to increasing dietary amounts of LA above 2% energy (95). However,
others report changes at higher intakes of LA (96). As a result, these n-6 rich diets conjure up
unwanted scenarios of dose-dependent enrichment of tissues with AA and subsequent chronic
and over-production of bioactive eicosanoids (97, 98). Proponents of this view recommend
reducing LA levels (97, 99); however, there is little clarity as to what those levels should be.
Some recommend consumption of LA be limited to less than 2% of energy (100), while other
suggest any reductions can be beneficial (97, 98, 101).
The recommendation of limiting LA to less than 2% was most likely based on the
evidence that AA content in neutrophils was correlated with LA only when those intakes were
below 2% of energy, where higher intakes had no effect (95). Similar evidence was shown in
plasma cholesterol esters where AA content was unaffected by increasing intakes of LA at levels
greater than 2% (102). Furthermore, a number of studies reported inverse relationships with

14
dietary LA and changes in tissue AA content (103, 104).With these discrepancies, controversy
exists as to whether dietary LA does influence tissue AA content.
In summary, there is little dispute in the literature that when LA intake is consumed at
levels less than 2% energy there may be a positive relationship between dietary intake and
changes in tissue AA content. However, will this relationship be observed when those levels are
above 2% energy? Furthermore, since the current levels of dietary LA has been estimated to be
approximately 6% of energy, and this essential fatty acid is typically consumed within a matrix
of other PUFA, should the general public be concerned?
With the conflicting evidence, compounded by pundits who proclaim an unmistakable
link between dietary LA and tissue AA levels, the controversy regarding this issue continues.
Recent review articles state that “the higher concentrations of LA typically found in the Western
diet results in a greater conversion of LA to arachidonic acid” (105). Therefore as a result,
“excessive n-6 precursors promotes formation of AA...high intakes of n-6 PUFA may contribute
to development of neuroinflammation” (106). Even more pronounced statements describe the
potential consequences of increased LA in the Western diet:
Because of the increased amounts of omega-6 fatty acids in the Western diet, the
eicosanoid metabolic products from AA, specifically prostaglandins, thromboxanes,
leukotrienes, hydroxy fatty acids, and lipoxins, are formed in larger quantities… Thus, a
diet rich in omega-6 fatty acids shifts the physiological state to one that is prothrombotic
and proaggregatory, with increases in blood viscosity, vasospasm, and vasoconstriction
and decreases in bleeding time..; (101).

In summary, pundits proclaim the detrimental impact of increase dietary LA on tissue
AA, and therefore chronic diseases. Interestingly, no one has systematically reviewed the
relationship between dietary LA and changes in tissue AA content, particularly within the
context of a Western diet.
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1.9 Research Objective
The objective of this study was to explore the relationship between dietary LA and
changes in tissue AA content within the context of a Western-type diet. This objective will be
accomplished via the following specific aims:

1. To determine if changes in LA consumption are correlated with changes in AA content of
phospholipids in plasma/serum and erythrocytes in studies where subjects are consuming, for the
most part, diets reflective of those in the general population.

2. If dietary LA does not modify tissue AA levels, determine if that effect is the result of tissue
saturation of AA or inhibition of conversion of LA to AA.
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Chapter 2

Increasing Dietary Linoleic Acid Does Not Increase Tissue Arachidonic Acid Content in
Adults Consuming Western-Type Diets
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ABSTRACT

Background: Linoleic acid, with a DRI of 12-17g/d, is the most highly consumed
polyunsaturated fatty acid in the Western diet and is found in virtually all commonly consumed
foods. The concern with dietary linoleic acid, being the metabolic precursor of arachidonic acid,
is its consumption may enrich tissues with arachidonic acid and contribute to chronic and
overproduction of bioactive eicosanoids. However, no systematic review of human trials
regarding linoleic acid consumption and subsequent changes in tissue levels of arachidonic acid
has been undertaken. Objective: In this study, we reviewed the human literature that reported
changes in dietary linoleic acid and its subsequent impact on changing tissue arachidonic acid in
erythrocytes and plasma/serum phospholipids. Design: We identified, reviewed, and evaluated
all peer-reviewed published literature presenting data outlining changes in dietary linoleic acid in
adult human clinical trials that reported changes in phospholipid fatty acid composition
(specifically arachidonic acid) in plasma/serum and erythrocytes within the parameters of our
inclusion/exclusion criteria. Results: Decreasing dietary linoleic acid up to 90% was not
significantly correlated with changes in tissue arachidonic acid levels (p=0.39). Similarly, when
dietary linoleic acid levels were increased six fold, no significant correlations with tissue
arachidonic acid levels were observed (p=0.72). However, there was a positive relationship
between dietary gamma-linolenic acid and arachidonic acid on changes in tissue arachidonic
levels. Conclusions: Our results do not support the concept that modifying current intakes of
dietary linoleic acid has an effect on changing tissue levels of arachidonic acid in adults
consuming Western-type diets.
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Introduction
Arachidonic acid (AA) is a potent bioactive molecule. When released from membrane
phospholipids, it is converted to a variety of bioactive compounds, called eicosanoids. These
oxidized lipid molecules are related to a number of chronic diseases including cardiovascular
disease, cancer and inflammation (48, 75, 107, 108). Enrichment of AA in tissues is positively
correlated with the production of eicosanoids. Linoleic acid (LA) is the major dietary
polyunsaturated fatty acid (PUFA) in the Western diet and is a metabolic precursor to AA, linked
biochemically via two desaturases and an elongase. Typical intakes of LA are 12-17 grams per
day for women and men, respectively (91), or approximately 6% of energy. In the absence of
other n-6 PUFA (including dietary AA), dietary LA is the sole contributor to tissue AA. This
relationship had been established in experimental rodent models where dietary LA was
correlated with tissue AA content in a non-linear relationship in rats provided fat-free
background diets (109) and lipid-rich diets (110).
Recent reviews suggest this relationship may exist in adult humans consuming a typical
Western-type diet (105, 106) and some have recommended limiting LA intake as a way to help
reduce tissue AA levels (97, 101). Certainly, this relationship had been reported in subjects
consuming diets containing LA at levels less than 2% of energy (95). There are, however, a
number of recent papers suggesting that increasing dietary LA does not increase tissue AA
levels, but in fact may have an inverse relationship (111, 112). To compound the complexity of
this relationship, the family of n-6 PUFA are, in general, synonymously identified to dietary LA,
while seemingly ignoring other members who can contribute to tissue AA, i.e., dietary gammalinolenic acid (GLA) and AA.
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This study was designed to explore the relationship of dietary LA and tissue AA. This is
the first study to review the literature as to whether increasing dietary LA is positively correlated
with increasing tissue AA content, and whether reducing dietary LA has the opposite effect in
adults consuming Western-type diets. We further investigated what potential contributions other
dietary n-6 PUFA may have on tissue AA content. This study was limited in scope and did not
address other controversial issues related to dietary PUFA or their health effects.
Methods
The aim of this paper was to identify, review, and evaluate all peer-reviewed published
literature presenting data outlining changes in dietary LA in adult human clinical trials which
report changes in phospholipid fatty acid composition (specifically AA) in plasma/serum and
erythrocytes. Further refinements to the search strategy included reported changes in tissue AA
levels following changes in dietary intake of AA and its various n-6 PUFA precursors, i.e., LA
and GLA. Published articles meeting eligibility criteria from 1970 to present were reviewed, of
which 4336 articles were retrieved from May 2009 - November 2009. The primary search engine
used was PubMed.gov (The National Library of Medicine, National Institutes of Health), along
with several prominent nutrition-based clinical journals, i.e., American Journal of Clinical
Nutrition, British Journal of Nutrition, and any additional citations in articles reviewed. The
search terms included linoleic acid, γ-linolenic acid, gamma-linolenic acid, arachidonic acid,
omega-6, n-6, olive oil, soybean oil, sunflower oil, safflower oil, corn oil, omega-3, n-3, plasma,
erythrocyte, red blood cell and phospholipid. After an initial review of the papers, 4043 were
excluded because of insufficient data or studies that did not investigate our parameters. Of the
293 papers that passed the initial review process, each was reviewed by two independent
investigators (BR and JW) and thirty-six were acceptable by both reviewers. Those papers that
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were not accepted (n=249) were rejected because baseline data was not sufficiently reported,
data for target tissues was not presented, insufficient data was present and did not allow for
appropriate calculations, background diets were not sufficiently described, or they included
supplementation of restricted food items (i.e., long chain n-3 PUFA).
The following eligibility criteria applied to all accepted articles. Subjects had to be 18
years or older with no known metabolic disorder that would influence tissue AA content.
Sufficient data on LA, GLA and/or AA consumption (pre- and post-intervention) was required.
The nature of the intervention (i.e., capsules, oils or dietary modifications) had to be presented.
The fatty acid data (plasma/serum and/or erythrocyte) had to be determined from fasting patients,
pre- and post-supplementation. Baseline and post-treatment tissue phospholipid fatty acid
composition had to be provided. On occasion, percent changes in tissue fatty acid composition
were provided and this data was used. Only those papers published after 1970 due to improved
gas chromatographic methods were accepted. Articles were automatically excluded if subjects
were less than 18 years old, pregnant or nursing, consuming supplements containing long chain
n-3 fatty acids or supplemented fish intake above and beyond their typical dietary regimen, or
using known inhibitors of AA metabolism, such as non-steroidal anti-inflammatory drugs
(NSAIDs). Thirty-six articles were found to meet all of the inclusion-exclusion criteria.
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Articles retrieved from
electronic sources (ex.
PUBMED, AJCN, BJN etc..)
and references (4336)

Articles that included baseline
diet and/or supplementation
amount and phospholipid data
(293)

Review of papers by two
reviewers for relevance and
inclusion (293)

Articles accepted (36)

Articles not accepted due
to insufficient or missing
data; or otherwise not
suitable for our research
objective (4043)

Articles not accepted by both
reviewers because of design
flaws, lack of sufficient data
(dietary PUFA or tissue) or
failing inclusion/exclusion
criteria. (Supplementation of
long-chain n-3 PUFA or fish/fish
oil; data for target tissues not
presented i.e. CE changes but not
PL; PL species but not total PL)
(249)

Figure 3. Schematic outlining the systematic review

Once accepted, data on dietary n-6 fatty acid intake (% of calories or g/d) and tissue AA
content were extracted. Study design, number and gender of subjects, method of supplementation
(i.e., type of oil, capsules or food component used) were recorded. Those studies involving
dietary LA as percentage of calories or g/d and its effects on changes in tissue AA content are
summarized in Tables 1-3. Similarly, those studies involving dietary GLA (mg/d) and AA
(mg/d) are summarized in Tables 4 and 5. If a study met the eligibility criteria and contained
more than one comparison, each comparison was reported as a separate data point.
Baseline tissue AA levels were defined as relative abundance of AA in tissue
phospholipids prior to dietary supplementation (or reduction) of the corresponding dietary n-6
PUFA of interest (i.e., LA, GLA or AA). In the case of cross-over designs, baseline fatty acid
composition was established following a washout period or after supplementation of a control
diet if there were no or only minor changes in the dietary n-6 PUFA content. For example, a
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supplement rich in oleic acid (a monounsaturated fatty acid typically used as a control and
known to have a neutral effect on tissue AA content) could be used as a control lipid (or oil)
prior to supplementation of an equal amount of a lipid (or oil) rich in LA. Percent change for
each dietary n-6 fatty acid of interest was used to standardize the relative differences between
baseline intakes and intervention intakes following the experimental period using the following
formula:
intervention intake - baseline intake x 100
baseline intake
The levels of intake were based on the relative caloric amount (% of calories), and when this data
was not available absolute intake levels (mg/g or g/d) were used. Percent change for tissue AA
content was used to standardize the relative differences between baseline levels and intervention
levels following the experimental period using the following formula:
post-intervention content - baseline content x 100
baseline content
Statistical Analysis
The overall linear correlation between percent change of dietary n-6 fatty acids and
percent change of tissue AA was computed using the Proc Corr procedure in SAS 9.2 (SAS
Institute Inc. SAS Campus Drive, Cary, North Carolina). The correlation matrix and the T
statistic tested for correlation and statistical significance, respectively. For the linear correlations,
the equation of the line was computed, and represented in y=mx+b for those that exhibited
linearity. Data not resembling a linear relationship (i.e. dietary GLA and AA) utilized a
polynomial growth curve from SAS General Linear Model and t-tests for model parameters
tested for significance. P-values less than or equal to 0.05 were considered significant. The Y
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values represent changes of AA (% from baseline) and the X values represent the changes of the
various dietary n-6 PUFA (% from baseline or mg/g supplemented). In addition to the overall
correlation test, the statistical significance for each individual data point (for changes in tissue
AA), as reported by the authors in their respective manuscripts, was identified in each graph. If
the changes from baseline were significantly different the data was represented by triangle. If the
changes from baseline were not statistically different, they were represented by a diamond.
Results
Twelve comparisons reported decreases in LA intakes (-12% to -90%) and no significant
correlations were associated with changes in plasma/serum phospholipid AA content (r2=0.05,
p=0.44, y= (-0.090*x)-6.56) (Figure. 4 and Table 1). Only one study of the twelve reported a
significant change, a 4.1% increase in AA content, following a 29% reduction in LA intake
(113).
Increases in dietary LA, ranging from 12%-550%, were not significantly correlated with
changes in plasma/serum phospholipid AA content (r2=0.03, p =0.45, y= (-0.002*x)-0.09)
(Figure. 5 and Table 1). Of the seventeen comparisons, only four studies reported significant
changes in AA levels when dietary LA levels were increased; three studies reported 3-20%
reductions following 12%-110% increases in LA consumption (103, 113, 114) and only one
study reported a significant increase in AA content (10%) following an 86% increase in LA
intake (114). Sub-dividing the studies by design (crossover versus non-crossover) had no effect
on the results (data not shown). Similarly, in those studies that only reported absolute levels of
LA supplementation (g/d), increasing LA supplementation was not significantly correlated with
changes in plasma/serum phospholipid AA content (r2=0.06, p=0.64, y=( 0.793*x)+1.17)
(Figure. 6 and Table 2). Of the fourteen comparisons, only two were significantly different, one
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resulted in an increase in AA content by 3% following supplementation of 2.24 g/d of LA (115)
and the other resulted in a reduction of AA content by 7% following supplementation of 0.86 g/d
(116).
Similar comparisons were made in erythrocytes with increasing and decreasing intakes of
LA, although the number of studies were more limited. Increases in dietary LA, ranging from
12%-100%, were not significantly correlated with changes in tissue AA content (r2=0.06,
p=0.75, y = (- 0.133*x)-1.24) (Figure. 7). Reducing dietary LA intake (-12% to -70%) was not
significantly correlated with changes in tissue AA content (r2=0.02, p=0.77, y = (0.014*x)+0.17) (Figure. 8). In addition, out of the seven studies, only one study reported a
significant change where decreasing dietary LA intake by 29% resulted in a 4% increase in AA
content (113).
Seven studies met our criteria for the effects of GLA supplementation on changes in
plasma/serum phospholipid AA content (Figure. 9). There appeared to be a dose dependent
increase in AA content with increasing intakes of GLA (ranging from 360-6000 mg/day). This
positive correlation (r²=0.75, p=0.03, y= (0.004*x)+7.36) was significant with a linear regression
model, but not with a non-linear (polynomial) regression model (p=0.19). Of the six AA data
points, four of them reported statistically significant increases.
Similiarly, increasing dietary AA (0.5 g/d to 6 g/day) was positively correlated with
increases in plasma/serum phospholipid AA content using a linear regression model (r²=0.83,
p=0.02, y= (0.018*x)+38.60) (Figure. 10), but not with a non-linear (polynomial) regression
model (p=0.16). All data points were reported as significantly different (Table 4).
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Table 1. Studies outlining the effects of decreasing dietary linoleic acid levels (% energy) from baseline on changes in plasma/serum phospholipid arachidonic acid content
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Author,
(reference)

Study design

Subjects

Diet length

Diet comparison

Lichtenstein (117)

Randomized
double-blind
crossover

N=30

35 days

Soybean oil diet
(baseline) compared
to high oleic acid
soybean oil diet

Lasserre (103)

Randomized
crossover

N=24

5 months

Peanut oil diet
(baseline) compared
to milk fat diet

Liou (118)

Randomized
crossover

N=24

4 weeks

Vega-Lopez (119)

Randomized
crossover

N=15

35 days

Geppert (120)

Randomized
double- blind
intervention

N=54

King (113)

Randomized
parallel

Li (122)

Parallel
intervention

Peanut oil diet
(baseline) compared
to low erucic acid
rapeseed oil (canola
oil) diet
High linoleic
sunflower oil (diet)
compared to high
oleic acid safflower
oil (diet)

LA (% change)
Baseline to
intervention
-82
(11%-1.9%)

∆AA (%)
change
N.S.

Pooled data of men and women. Baseline diet of 10.96%
energy closest to DRI for LA. AA did not differ among
remaining groups tested either

-90
(6.5%-0.6% )

N.S.

Used peanut oil group b/c close to DRI for LA. Subjects
were nuns in monastery.

-30
(6.5%-4.5%)

N.S.

Comments

Used peanut oil group b/c close to DRI for LA. Subjects
were nuns in monastery.

-63
(10.5%-3.8%)

N.S.

Incorporated test oils into baked foods (cookies, breads),
mayonnaise, salad dressing. AA data presented in graphs,
not tables. Fish intake was avoided for all groups. AA PL
content did not differ between sequence of diets going
from high LA to low LA or vice versa. Study address low
or high LA with constant ALA at 1%

Canola oil diet
compared to palm
oil diet

-50
(6.5%-3.3%)

N.S.

Canola oil in mixed foods was replaced by palm oil in
mixed foods.
AA did not change among all three dietary groups.
Canola oil diet is baseline because closest to DRI LA
intake.

8 weeks

Baseline diet
compared to LA
reduced diet (using
olive oil capsules)

-12
(5.8%-5.1%)

N.S.

Used olive oil capsules with vegetarians.

N=66

6 weeks

Baseline diet
compared to low fat
diet.

-29
(10%-7.1%)

+4.1a

Used modified food items for diets containing different
amounts of fat. Reported AA PL in % change.

N=17

28 days

High LA diet to
moderate LA diet
using canola
oil/canola margarine

-48
(13.5%-7%)

N.S

Subjects were given diet more than twice DRI for LA and
then given diet resembling the DRI for LA. All groups
were asked to not consume fish.
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High LA diet to
normal LA diet
using canola
oil/canola margarine

-39
(11.9%-7.3%)

-57
(7.8%-3.3%)

N.S.

Control group consumed relatively close to DRI for LA
while intervention group reduced LA by more than half.

-57
(7%-3%)

N.S.

Test oils consumed in margarine and pastries. Prohibited
consumption of fish or marine foods in all groups.

Mantzioris (123)

Parallel
intervention

N=15

4 weeks

Control diet
(sunflower oil)
group compared to
intervention diet
(flaxseed oil)

Goyens (121)

Double-blind
intervention

N=19

6 weeks

Reduced LA in food
items (margarines,
pastries, baked
goods)

a

Percent change (±) from baseline in AA that is significant (p<0.05). Non-significance is denoted by N.S.

Abbreviations: AA, arachidonic acid; DRI, Dietary Reference Intake; LA, linoleic acid

N.S.
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Table 2. Studies outlining the effects of supplementing dietary linoleic acid levels (g/day) on changes in plasma/serum phospholipid arachidonic acid content.

Author,
(reference)

Thijssen (124)

Study design

Randomized multiple
crossover

Subjects

N=45

Diet length

5 weeks

Diet comparison

LA
(% change)
Baseline to
intervention
14
(2.1% -2.4%)

∆ AA (%) change

287
(2.4%-9.3%)

N.S.

Baseline soybean oil
diet compared to
Low saturated fatsoybean oil diet. The
soybean oils varied
in linoleic acid
composition

15.8
(11% -12.7%)

N.S.

Baseline high oleicsoybean oil diet to
low ALA-soybean
oil diet

552
(1.9 %-2.5%)

N.S.

Canola oil diet
compared to
soybean oil diet

64.2
(6.5%-10.7%)

N.S.

Stearic acid diet to
oleic acid diet in
food items (using
margarines, breads,
sponge cakes)
Oleic Acid to
Linoleic Acid food
items (margarines,
breads, sponge
cakes)

Lichtenstein (117)

Vega-Lopez (119)

Randomized
double-blind
crossover

Randomized
crossover

N=30

N=15

35 days

35 days

N.S.

Comments

No order to diets
given. Subjects
received all 3 diets
with varying
amounts of LA.

Pooled data of men
and women. Five
diets of random
order. Subjects
visited metabolic
kitchen 3 times
week. Varying LA
amounts using
modified soybean
oils.

Canola oil in mixed
foods was replaced
by soybean oil in
mixed foods. AA did
not change among all
three dietary groups.
Canola oil diet is
baseline because
close to the DRI for
LA.
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Liou (118)

Randomized
crossover

N=22

4 weeks

Low LA diet (high in
oleic acid safflower
oil) compared to high
LA diet (high in
sunflower oil)

176
(3.8%-10.5%)

N.S.

AA PL content
presented as graphs,
not numerically. Fish
was avoided in all
dietary groups. ALA
intake was kept
constant between
low/high diet

Valsta (96)

Randomized
crossover

N=39

6 weeks

Habitual diet
compared to high
linoleic acid
trisunflower oil diet.

86
(4.2%-7.8%)

+10

Fish cut in half in all
dietary groups. Has a
baseline for before
each diet. Used
trisunflower oil in
margarine, food oil,
salad dressing, bread,
cake and cookies, in
place of habitual
foods.

Raatz (114)

Randomized
crossover

N=10

28 days

Low fat diet (20%
energy) compared to
high fat diet (45%
energy).

100
(6%-12%)

-16

Modified foods rich
in linoleic acid.
Random order to
diet, so baseline was
chosen based on DRI
of LA. Used washout
period of 21-28 days

Lasserre (103)

Randomized
crossover

N=24

5 months

Peanut oil diet
compared to
sunflower oil

111
(6.5%-13.7%)

-20

Used peanut oil
group b/c close to
DRI for LA.

Innis (111)

Randomized
crossover

N=24

8 weeks

Low LA diet to high
LA diet

176
(3.8%-10.5%)

N.S.

Controlled for
dietary AA.

King (113)

Randomized parallel
intervention

N=33

6 weeks

Baseline diet
compared to
moderate fat diet.

13
(10.3%-1.6%)

-3.2a

Used modified food
items for diets
containing different
amounts of fat.
Reported AA PL as
% change.
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Li (122)

Montoya (125)

a

Parallel intervention

Sequential
interventions

N=10

14 days

N=7

14 days

N=41

4 weeks

Baseline Western
diet to intervention
diet increased in LA
intake using
safflower oil
Baseline Western
diet to intervention
diet increased in LA
intake using
safflower oil

82.4
(7.4%-13.5%)

N.S.

Used safflower
oil/safflower
margarine to increase
LA in diet to almost
twice DRI of LA.
AA did not differ
among all groups in
study.

N.S.

From palm oil based
diet compared to
olive oil based diet.

16
(3.2%-3.7%)

N.S.

Olive oil based diet
to sunflower oil base
diet

229.8
(3.7%-12.2%)

N.S.

Percent change (±) from baseline in AA that is significant (p<0.05). Non-significance is denoted by N.S.

Abbreviations: AA, arachidonic acid; DRI, Dietary Reference Intake; LA, linoleic acid

17.8
(10.1%-1.9%)

Used nuns and
priests. Everyone
consumed same
sequence of diets.
AA did not change
among the three test
diets. No crossover,
subjects were their
own controls.
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Table 3. Studies outlining the effects of supplementing dietary linoleic acid levels (g/day) on changes in plasma/serum phospholipid arachidonic acid content.
Author,
(reference)
Thies (127)

Study design
Randomized, double-blind, parallel
intervention

Subjects

Diet length

N=8

12 weeks

LA source, amount supplemented (g/d)

∆ AA (%) change

Oil blend (0.64)

N.S.

Placebo oil (0.9)

N.S.
-7a

Blend palm, rapeseed and
sunflower oil
Sea buckthorn berry oil is
17.9% LA

Geppert (116)

Randomized double- blind parallel
intervention

N=20

8 weeks

Oil blend (0.86)

Johansson (128)

Randomized, double-blind, crossover

N=12

4 weeks

Sea buckthorn berry oil (0.90)

N.S.

Kew (129)

Double-blind, parallel intervention

N=42

4 weeks

Olive oil (0.92)

N.S.

Buckley (130)

Double-blind parallel intervention

N=45

4 weeks

Olive oil (0.95)

N.S.

Yaqoob (131)

Randomized, double- blind parallel
intervention

N=8 per
group

12 weeks

Placebo (coconut/soybean oil) (1.0)

N.S.

Olive oil (1.2)
N.S.
Sunflower oil (6.95)
N.S.
Wallace (132)

Randomized, double- blind parallel
intervention

N=8

12 weeks

N=8
Miles (133)

Randomized, double-blind parallel
intervention

N=8

12 weeks

Grimsgaard (115)

Double-blind, parallel intervention

n=78

7weeks

Comments

Oil blend (1.52)

N.S.

palm/soybean oil (1.7)

N.S.

Placebo (palm/sunflower oil) (2.07)

N.S.

Corn oil (2.24)

+3.1

Different oil blends were
sources of LA
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Conquer (134)

Double-blind, parallel intervention

N=24

42 days

Finnegan (135)

Double-blind, parallel intervention

N=50

Anderson (126)

Parallel intervention

N=8
N=9

Corn oil (2.39)

N.S.

6 months

Safflower/sunflower (11.6)

N.S.

Test oils provided as
margarine and capsules

3 months

Olive oil (0.2)

N.S.

Olive oil supplement

Olive oil (0.2)

N.S.

Provided LA for two
different groups
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Table 4. Studies outlining the effects of supplementing dietary gamma-linolenic acid on changes in plasma/serum phospholipid arachidonic acid content.
Author, (reference)

Study design

Subjects

Diet length

GLA source, amount
supplemented (mg/d)

∆ AA (%)
change

Comments

Thavonen (126)

Randomized, doubleblind crossover

N=15

3 weeks

Black current seed oil (378)

N.S.

Subjects aged 55-75 years old.

Mills (127)

Randomized doubleblind parallel
intervention
Randomized doubleblind intervention

N=10

28 days

Borage oil (1300)

+12

AA data available for only pre
and post intervention (28 days).

N=8-12

12 weeks

Borage oil capsules (2000)

+15

Consumed capsules for 12
weeks. AA only increased after
the 8th week, no difference
after 8th week.
Subjects consumed capsules for
12 weeks. AA changed only on
12th week.

Miles (128)

Theis (129)

Double-blind parallel
interventions

N=8

12 weeks

GLA-rich triacylglycerol capsules
(770)

+27a

Yaqoob (130)

Double-blind parallel
intervention

N=8

12 weeks

Evening primrose oil (1062)

N.S.

Ebden (131)

Double-blind
intervention

N=6

8 weeks

Efamol oil (360)

N.S.

Johnson (132)

Pre-post intervention

N=5

3 weeks

Ultra-GLA capsules (6000)

+31

a

Percent change (±) from baseline in AA that is significant (p<0.05). Non-significance is denoted by N.S.

Abbreviations: AA, arachidonic acid; GLA, gamma-linolenic acid

No crossover with placebo.
Subjects were asthmatics used
medication or bronchodilator.
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Table 5. Studies outlining the effects of supplementing dietary arachidonic acid on changes in plasma/serum phospholipid arachidonic acid content.
Author,
(reference)

Study design

Subjects

Diet length

Ishikura (133)

Double-blind crossover

N=25

1 month

Nelson (134)

Single blind crossover
intervention

N=10

Theis (129)

Randomized, doubleblind, parallel
intervention
Randomized, doubleblind, parallel
intervention
Double-blind
intervention

Theis (129)
Kusmoto (135)

∆ AA (%)
change

Comments

SUNTGA40S capsules (720)

+27

Derived from Mortierella alpina

50 days

ARASCO (1490)

+85

Had 65 day washout period.
Derived from Mortierella alpina

N=48

12 weeks

ARASCO (680)

+85

Derived from Mortierella alpina

N=48

12 weeks

ARASCO (680)

+85

Derived from Mortierella alpina

N=12

4 weeks

SUNTGA40S (838)

+45

Derived from Mortierella alpina

White meat/eggs

+52a

Consumed AA rich, low fat
diet.

Capsules, AA ethyl ester (6000)

+136

Averaged from all 4 subjects.

Sinclair (136)

Parallel intervention

N=4

7 days

Seyberth (59)

Single blind
intervention

N=4

2-3 weeks,
depending upon
subject

a

AA source, amount
supplemented (mg/d)

Percent change (±) from baseline in AA that is significant (p<0.05). Non-significance is denoted by N.S.

Abbreviations: AA, arachidonic acid
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2. Discussion
Arachidonic acid is arguably the most important PUFA associated with membrane
phospholipids. Upon release, AA can be enzymatically metabolized to a surfeit of bioactive
derivatives, eicosanoids, known to contribute to a variety of chronic diseases (48, 75, 107, 108).
The relative abundance of AA in membrane phospholipids positively influences eicosanoid
production (137). It is well known that dietary PUFA can affect tissue AA levels; however, what
is uncertain and wrought with controversy is whether modifying current intakes of dietary LA
will result in concomitant changes in tissue AA content. Therefore, if the public chose to
consume less LA, would tissue AA levels go down, and antithetically, if the public consumed
more LA would tissue levels of AA go up? The goal of this paper was to ascertain the
relationship between dietary LA and tissue AA content in adults consuming a Western-style
background diet. It was not designed to address other controversies surrounding the issues of
dietary PUFA or in other population groups.
Many papers interchange the more general term n-6 PUFA for dietary LA, but there are
two major n-6 PUFA, LA and AA, and they are distributed unevenly in the Western diet. While
LA is the major PUFA in almost every commonly consumed food, AA is exclusively found in
animal products, such as, muscle, organ meats and eggs (138). They have distinct biological
activities that are biochemically linked via desatuation and elongation, and as such, LA is the
conditionally essential fatty acid. Linoleic acid is specifically required in the skin to maintain the
integrity of the epidermal water barrier and AA is the immediate precursor to eicosanoids, as
well as being the n-6 PUFA selectively incorporated into the membranes of certain tissues, i.e.,
brain (139). When consumed (LA vs. AA) they appear to have differential effects on tissue fatty
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acid composition, where AA appears to more robustly modify tissue AA levels and eicosanoids
(112, 140).
The data presented in this paper does not suggest that a dose response between dietary
LA and tissue AA exists within the backdrop of individuals consuming a Western-type diet.
Increasing LA by up to 551% and reducing LA by as much as 90% failed to yield compelling
evidence supporting the concept that any conversion of dietary LA to downstream metabolites
results in tissue enrichment of AA, a notion commonly asserted (105). We chose to evaluate the
data by looking at changes from baseline in tissue AA content to standardize the data from one
study to the next. Each study began with a baseline value and we reported percent changes from
that baseline. Supplemental intakes of LA were reported based on energy and when that value
could not be determined, we reported absolute supplemented values, and these data were
reported separately.
As observed from the distribution of the responses, there was wide variability. Some
papers showed small increases in tissue AA levels when dietary LA changed, while other papers
showed small decreases, but most of these changes lacked significance. When there was
significance, the changes were minimal and the distribution pattern of the data did not favor an
increase or a decrease. We chose plasma/serum and erythrocytes as the tissues of choice because
here is where the plethora of data exists in the human literature. Erythrocytes are a more stable
pool of dietary lipids, contain very little neutral lipids and thus represents a membrane fraction of
AA. Fasting plasma/serum phospholipid levels primarily (but not exclusively) represents the
membranes of lipoproteins derived from the surface of hepatic endoplasmic reticulum, and this
pool is more responsive to more recent dietary PUFA intakes.
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In an effort to identify why dietary LA may not modify tissue AA levels, we reviewed the
literature for dietary GLA using the same search strategy. Was the conversion of LA to AA ratelimiting, or were tissue levels of AA saturated? Delta-6 desaturase is the rate-limiting enzyme in
the metabolism of LA to AA. GLA is a dietary n-6 PUFA that enters the metabolic pathway after
the delta-6 desaturase step. If delta-6 desaturase is rate-limiting and tissue AA content is not
saturated, then there should be evidence that including GLA in the diet increases tissue AA
levels. When GLA was supplemented as the triacylglycerol form or as a component of a dietary
oil containing GLA (i.e., blackcurrant, evening primrose or borage oil), tissue AA content
increased in a dose responsive manner. These effects appeared to be less prominent in those
studies (126-128) that used oils containing appreciable amounts of the more highly unsaturated
n-3 PUFA stearidonic acid, i.e., blackcurrant or borage oil (138). When AA was supplemented in
the diet, there was further enrichment in tissue AA content above that observed with either LA or
GLA. These results suggest that delta-5 desaturase potentially becomes rate limiting when GLA
is supplemented. The reaction mediated by delta-5 desaturase is an intermediate step between
GLA and AA and by-passing that step with dietary AA leads to further enrichment. These data
seem to suggest that while dietary LA maybe a metabolic precursor for AA, its influence on
tissue levels are limited by the enzymatic conversion through delta-6 desaturase and not due to
tissue saturation of AA. This data is supported by the poor rates of conversion of plasma/serum
LA to AA in adults. In tracer studies involving stable isotopes, the estimated fractional
conversion of LA to AA was between 0.3% and 0.6% (141).
The levels of LA in the diet to achieve essentiality could be as low as 0.5-2.0% of energy
in infants (13, 94) and it has been reported that tissue levels of AA no longer respond to dietary
LA intakes above 2% energy in adults (95). Our study was designed to choose studies that
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incorporated a Western-type diet where LA is not typically limiting, reflective of the general
public. This means a full complement of PUFAs were being consumed along with LA
supplementation. The DRIs for LA and ALA are 12g-17g/d and 1.1g-1.6g, respectively (women
the lower figure, men the higher figure). This would be equivalent to intakes approximating 6%
and 0.7% of calories per day for LA and ALA, respectively. It is not unreasonable to think that
with a background diet containing LA, ALA, AA, and long-chain n-3 PUFAs, i.e.
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) at typical intakes, that modifying
LA levels may not influence tissue AA levels.
A few studies specifically evaluated the impact of dietary LA on tissue AA and failed to
observe a positive relationship (111, 112). For example, by maintaining constant intake of ALA
and increasing LA levels from 3.8% energy to 10.5% energy using LA-rich oils, LA was
inversely associated with tissue AA levels (p<0.001) (47). These results were consistent with
another study that reported an inverse relationship between dietary LA and tissue AA (112). This
latter paper was not included in our review because it did not meet all of our inclusion/exclusion
criteria, nevertheless it clearly showed that dietary LA does not increase tissue AA content. A
number of studies included in this analysis also reported significant inverse relationships (103,
113, 114, 116). The data suggests that as LA increases in the diet, it maybe be competing with
AA for reacylation into phospholipids.
A small number of studies modified LA intakes by using oils that also contained some
ALA, such as soybean and canola oil (103, 117, 119), but the results from these studies were not
significant and were similar to the other results. It must be remembered that soybean oil has a
LA:ALA ratio similar (8:1) to that found in the US diet (10:1). We also included two studies that
supplemented LA with recommended fish restrictions (because they met our inclusion/exclusion
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criteria) (96, 118). One study (+176% LA) reported no changes in AA levels, while the other
(+86% LA) reported a 10% increase in AA.
Some of the weaknesses of this review are reflected in the studies that qualified for our
evaluation. Most were not designed to specifically address our research question; however, those
that were specifically designed to evaluate the effect of dietary LA on tissue AA content yielded
results that were similar to the overall results (111). Each study used a different population with
potentially different background diets, but this would better reflect the consumption patterns of
the general public. Not all studies were blinded (61% were blinded) and dietary LA was not
exclusively modified. The methods for modifying LA intakes were varied and other dietary
PUFA were not controlled for with the exceptions identified previously, and data for only two
tissues were evaluated. When LA was modified, it was done so by typically changing the levels
of an oil rich in LA (i.e., corn oil, safflower oil, sunflower oil) or foods containing LA (as
opposed to adding pure LA), reflecting how the LA would be consumed by the general public.
There was no standard length to the studies. For example, studies involving plasma/serum ranged
between 14 days-5 months, and those looking at erythrocyte data ranged between 14-180 days.
Importantly, the subjects were used as their own controls, the studies addressed changes in LA in
relationship to Western-type diets, and the results were not different between those studies that
were double-blind randomized placebo controlled trials (1/3) and those that were not. Despite
these weaknesses, positive results were still identified with intakes of GLA and AA, helping to
support those results reported with LA.
In summary, elevated tissue AA levels are believed to be positively associated with
eicosanoid formation and risk for a variety of chronic diseases, including cardiovascular disease,
cancer and inflammation. The literature expresses concern over the fact that increasing dietary
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LA can potentially enrich tissues with AA due to their metabolic link. The results of this study
do not support this concern. There is insufficient evidence to suggest that changes in dietary LA
will modify tissue AA content in an adult population consuming a Western-type diet.
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Chapter 3

3. Summary and Conclusions
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AA is arguably the most important PUFA associated with membrane phospholipids.
Upon release, it can be enzymatically converted to potent bioactive lipid molecules called
eicosanoids. Eicosanoids are linked to a variety of chronic diseases such as CVD, cancer and
inflammation (48). Furthermore, tissue AA abundance is directly correlated with eicosanoid
production (14). What is less understood and more controversial is the impact of dietary
precursors of AA (i.e. LA) on changes in tissue AA content. The literature expresses concern
with regards to the high n-6 PUFA content in the Western diet, viz., LA, and how high intakes
might lead to further enrichment of AA in tissues and subsequent eicosanoid production (150).
As such, to lower tissue AA levels, recommendations emphasize reducing the levels of LA in the
diet. To address this concern, a review of the literature regarding this issue may provide insight
as to whether tissue AA is modified by dietary precursors (i.e. LA).
Studies involving dietary interventions that modified LA intake were sought from the
literature. The initial search produced 4336 abstracts. Using our inclusion/exclusion criteria, 293
articles were retained and further reviewed. Eventually, 36 articles met all necessary criteria for
retention. Data on LA supplementation was analyzed as % change based on calories (increasing
or decreasing from baseline) or the levels supplemented (g/d).
The results demonstrated that no significant correlations were found between changes in
LA consumption and changes in tissue AA content when expressing the data based on % calories
increasing or decreasing) or g/d supplementation. Two possible reasons could explain the results,
(i) feedback inhibition on the conversion of LA to AA via the delta-6 desaturase step, and/or (ii)
tissue saturation of AA. To address these possibilities, we investigated articles that supplemented
GLA in the diet. GLA is an n-6 PUFA that is introduced after the delta-6 desaturase step. By
supplementing diets with GLA, it resulted in AA enrichment in tissue phospholipids, suggesting
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the ability of dietary LA to modify tissue AA was being controlled by the delta-6 desaturase step.
When AA was supplemented to the diet, further enrichment occurred, suggesting subsequent
secondary regulatory steps (i.e., delta-5 desaturase) are involved in AA formation from
precursors.
In conclusion, these results indicate there is insufficient evidence to suggest that tissue
AA content is affected by changes in LA intake in the context of a Western diet. This affect
appears to be based on feedback inhibition of delta-6 desaturase. However, by-passing this
regulatory step with dietary GLA results in further enrichment of AA, apparently regulated by
delta-5 desaturase. And finally, of all the n-6 PUFA in the diet, tissues are most responsive to
dietary AA.

44
REFERENCES
1.

Hamosh M, Scow RO. Lingual Lipase and Its Role in the Digestion of Dietary Lipid. The
Journal of Clinical Investigation 1973;52:88-95.

2.

Mu H, Høy C-E. The digestion of dietary triacylglycerols. Progress in Lipid Research
2004;43:105-133.

3.

FA DJSVl. Unstirred water layers and absorption across the intestinal mucosa.
Gastroenterology 1971;61:932-4.

4.

Stahl A, Hirsch DJ, Gimeno RE, et al. Identification of the major intestinal fatty acid
transport protein. Mol Cell 1999;4:299-308.

5.

Pelsers MM, Namiot Z, Kisielewski W, et al. Intestinal-type and liver-type fatty acidbinding protein in the intestine. Tissue distribution and clinical utility. Clin Biochem
2003;36:529-35.

6.

Mansbach CM, Siddiqi SA. The Biogenesis of Chylomicrons. Annual Review of
Physiology;72:null-null.

7.

Riboli E, Ronnholm H, Saracci R. Biological markers of diet. Cancer Surv 1987;6:685718.

45
8.

Hayes RB. Biomarkers in occupational cancer epidemiology: considerations in study
design. Environ Health Perspect 1992;98:149-54.

9.

Burr GO BM. A new deficiency disease produced by the rigid exclusion of fat from the
diet. The Journal of Biological Chemistry 1929. :345-67.

10.

Burr GO, Burr MM. On the nature and role of the fatty acids essential in nutrition.
Journal of Biological Chemistry 1930;86:587-621.

11.

Mohrhauer H, Holman RT. The effect of dose level of essential fatty acids upon fatty
acid composition of the rat liver. Journal of Lipid Research 1963;4:151-159.

12.

Collins FD, Sinclair AJ, Royle JP, Coats DA, Maynard AT, Leonard RF. Plasma Lipids
in Human Linoleic Acid Deficiency. Annals of Nutrition and Metabolism 1971;13:150167.

13.

Paulsrud JR, Pensler L, Whitten CF, Stewart S, Holman RT. Essential fatty acid
deficiency in infants induced by fat-free intravenous feeding. Am J Clin Nutr
1972;25:897-904.

14.

Whelan J, McEntee MF. Dietary (n-6) PUFA and intestinal tumorigenesis. J Nutr
2004;134:3421S-3426S.

46
15.

Neu H, Kihlberg T, Långstrom B. Synthesis of [18-11C/(13C)]linoleic acid. Journal of
Labelled Compounds and Radiopharmaceuticals 1997;39:607-619.

16.

Whelan J. The health implications of changing linoleic acid intakes. Prostaglandins,
Leukot and Essent Fatty Acids;79:165-167.

17.

Rapoport SI. Arachidonic Acid and the Brain. The Journal of Nutrition 2008;138:25152520.

18.

Mitchell DC, Litman BJ. Molecular order and dynamics in bilayers consisting of highly
polyunsaturated phospholipids. Biophys J 1998;74:879-91.

19.

Lands WE, Blank ML, Nutter LJ, Privett OS. A comparison of acyltransferase activities
in vitro with the distribution of fatty acids in lecithins and triglycerides in vivo. Lipids
1966;1:224-9.

20.

Friesen RW, Innis SM. Linoleic acid is associated with lower long-chain n-6 and n-3
fatty acids in red blood cell lipids of Canadian pregnant women. Am J Clin Nutr;91:2331.

21.

Leibetseder F, Ahrens EH. The Fatty-Acid Composition of Red Cells in Paroxysmal
Nocturnal Haemoglobinuria. British Journal of Haematology 1959;5:356-364.

47
22.

Farquhar JW, Ahrens EH. effects of dietary fats on human erythrocyte fatty acid
patterns*. The Journal of Clinical Investigation 1963;42:675-685.

23.

Whitby L. The dynamics of haemopoiesis. Br Med J 1954;1:1279-84.

24.

Sasaki S, Ushio F, Amano K, et al. Serum biomarker-based validation of a selfadministered diet history questionnaire for Japanese subjects. J Nutr Sci Vitaminol
(Tokyo) 2000;46:285-96.

25.

Goldblatt A. A depressor substance in seminal fluid. Journal of the Society of Chemistry
and Industry 1933;52:1056-1057.

26.

Goldblatt MW. Properties of human seminal plasma. J Physiol 1935;84:208-18.

27.

US. vE. A depressor substance in the vesicular gland. Journal of Physiology 1935;84:21.

28.

von Euler US. On the specific vaso-dilating and plain muscle stimulating substances from
accessory genital glands in man and certain animals (prostaglandin and vesiglandin). J
Physiol 1936;88:213-34.

29.

J. BSS. The isolation of prostaglandin E from sheep prostate glands. Acta Chemica
Scandinavica 1960;14:1701–1705.

30.

48
Bergstrom S RR, Samuelsson B & Sjovall J. The structure of prostaglandin E, F1 and F2.
Acta ChemicaScandinavica 1962;16:501–502.

31.

Sjovall SBaJ. The isolation of prostaglandin F from sheep prostate glands. Ada Chem
Scand 1960;14:1693-1700.

32.

Van D, Beerthuis RK, Nugteren DH, Vonkeman H. Enzymatic Conversion of All-CisPolyunsaturated Fatty Acids into Prostaglandins. Nature 1964;203:839-41.

33.

DeWitt DL, Smith WL. Primary structure of prostaglandin G/H synthase from sheep
vesicular gland determined from the complementary DNA sequence. Proc Natl Acad Sci
U S A 1988;85:1412-6.

34.

Beilin LJ, Bhattacharya J. The effect of prostaglandin synthesis inhibitors on renal blood
flow distribution in conscious rabbits. J Physiol 1977;269:395-405.

35.

Smith JB. Prostaglandins and platelet aggregation. Acta Med Scand Suppl 1981;651:919.

36.

Loftin CD, Trivedi DB, Tiano HF, et al. Failure of ductus arteriosus closure and
remodeling in neonatal mice deficient in cyclooxygenase-1 and cyclooxygenase-2. Proc
Natl Acad Sci U S A 2001;98:1059-64.

49
37.

Smith WL. Nutritionally essential fatty acids and biologically indispensable
cyclooxygenases. Trends in Biochemical Sciences 2008;33:27-37.

38.

Huo Y, Zhao L, Hyman MC, et al. Critical role of macrophage 12/15-lipoxygenase for
atherosclerosis in apolipoprotein E-deficient mice. Circulation 2004;110:2024-31.

39.

Back M. Leukotriene signaling in atherosclerosis and ischemia. Cardiovasc Drugs Ther
2009;23:41-8.

40.

Newcomer ME, Gilbert NC. Location, location, location: compartmentalization of early
events in leukotriene biosynthesis. J Biol Chem;285:25109-14.

41.

Di Gennaro A, Wagsater D, Mayranpaa MI, et al. Increased expression of leukotriene C4
synthase and predominant formation of cysteinyl-leukotrienes in human abdominal aortic
aneurysm. Proc Natl Acad Sci U S A.

42.

Zou Y, Kim DH, Jung KJ, et al. Lysophosphatidylcholine enhances oxidative stress via
the 5-lipoxygenase pathway in rat aorta during aging. Rejuvenation Res 2009;12:15-24.

43.

Bolick DT, Srinivasan S, Whetzel A, Fuller LC, Hedrick CC. 12/15 lipoxygenase
mediates monocyte adhesion to aortic endothelium in apolipoprotein E-deficient mice
through activation of RhoA and NF-kappaB. Arterioscler Thromb Vasc Biol
2006;26:1260-6.

50
44.

Gil A. Polyunsaturated fatty acids and inflammatory diseases. Biomed Pharmacother
2002;56:388-96.

45.

Feldmann M, Maini RN. The role of cytokines in the pathogenesis of rheumatoid
arthritis. Rheumatology (Oxford) 1999;38 Suppl 2:3-7.

46.

Sano H, Hla T, Maier JA, et al. In vivo cyclooxygenase expression in synovial tissues of
patients with rheumatoid arthritis and osteoarthritis and rats with adjuvant and
streptococcal cell wall arthritis. J Clin Invest 1992;89:97-108.

47.

Yao C, Sakata D, Esaki Y, et al. Prostaglandin E2-EP4 signaling promotes immune
inflammation through Th1 cell differentiation and Th17 cell expansion. Nat Med
2009;15:633-40.

48.

Calder PC. n-3 Polyunsaturated fatty acids, inflammation, and inflammatory diseases.
Am J Clin Nutr 2006;83:S1505-1519.

49.

Wang D, Dubois RN. The role of COX-2 in intestinal inflammation and colorectal
cancer. Oncogene;29:781-8.

50.

Calder PC. Polyunsaturated fatty acids, inflammatory processes and inflammatory bowel
diseases. Mol Nutr Food Res 2008;52:885-97.

51
51.

Riccioni G, Zanasi A, Vitulano N, Mancini B, D'Orazio N. Leukotrienes in
atherosclerosis: new target insights and future therapy perspectives. Mediators Inflamm
2009;2009:737282.

52.

Steinberg D, Parthasarathy S, Carew TE, Khoo JC, Witztum JL. Beyond cholesterol.
Modifications of low-density lipoprotein that increase its atherogenicity. N Engl J Med
1989;320:915-24.

53.

Ferrucci L, Cherubini A, Bandinelli S, et al. Relationship of plasma polyunsaturated fatty
acids to circulating inflammatory markers. J Clin Endocrinol Metab 2006;91:439-46.

54.

Fritsche KL. Too much linoleic acid promotes inflammation--doesn't it? Prostaglandins,
Leukotrienes and Essential Fatty Acids;79:173-175.

55.

Back M. Inhibitors of the 5-lipoxygenase pathway in atherosclerosis. Curr Pharm Des
2009;15:3116-32.

56.

Wittwer J, Hersberger M. The two faces of the 15-lipoxygenase in atherosclerosis.
Prostaglandins Leukot Essent Fatty Acids 2007;77:67-77.

57.

Shi G, Morrell CN. Platelets as initiators and mediators of inflammation at the vessel
wall. Thromb Res.

52
58.

Whelan J, Surette ME, Hardardottir I, et al. Dietary arachidonate enhances tissue
arachidonate levels and eicosanoid production in Syrian hamsters. J Nutr 1993;123:217485.

59.

Seyberth HW OO, Kennedy T, Sweetman BJ, et al. Increased arachidonate in lipids after
administration to man: effects on prostaglandin biosynthesis. Clin Pharmacol Ther
1975;18:521-9.

60.

Zernecke A, Weber C. Chemokines in the vascular inflammatory response of
atherosclerosis. Cardiovasc Res;86:192-201.

61.

Koenen RR, Weber C. Platelet-derived chemokines in vascular remodeling and
atherosclerosis. Semin Thromb Hemost;36:163-9.

62.

Fuster W, Bowie EJ, Lewis JC, Fass DN, Owen CA, Jr., Brown AL. Resistance to
arteriosclerosis in pigs with von Willebrand's disease. Spontaneous and high cholesterol
diet-induced arteriosclerosis. J Clin Invest 1978;61:722-30.

63.

Hennekens CH. Update on aspirin in the treatment and prevention of cardiovascular
disease. Am J Manag Care 2002;8:S691-700.

64.

Libby P. The molecular mechanisms of the thrombotic complications of atherosclerosis. J
Intern Med 2008;263:517-27.

53

65.

Steinberg D. At last, direct evidence that lipoxygenases play a role in atherogenesis. J
Clin Invest 1999;103:1487-8.

66.

Li B, Birdwell C, Whelan J. Antithetic relationship of dietary arachidonic acid and
eicosapentaenoic acid on eicosanoid production in vivo. J Lipid Res 1994;35:1869-77.

67.

Kris-Etherton P, Fleming J, Harris WS. The debate about n-6 polyunsaturated fatty acid
recommendations for cardiovascular health. J Am Diet Assoc;110:201-4.

68.

Harris WS, Mozaffarian D, Rimm E, et al. Omega-6 Fatty Acids and Risk for
Cardiovascular Disease: A Science Advisory From the American Heart Association
Nutrition Subcommittee of the Council on Nutrition, Physical Activity, and Metabolism;
Council on Cardiovascular Nursing; and Council on Epidemiology and Prevention.
Circulation 2009;119:902-907.

69.

Lukas M. Inflammatory bowel disease as a risk factor for colorectal cancer. Dig
Dis;28:619-24.

70.

Lata J. Chronic liver diseases as liver tumor precursors. Dig Dis;28:596-9.

71.

Kuper H, Adami HO, Trichopoulos D. Infections as a major preventable cause of human
cancer. Journal of Internal Medicine 2000;248:171-183.

54

72.

Liang TJ, Heller T. Pathogenesis of hepatitis C-associated hepatocellular carcinoma.
Gastroenterology 2004;127:S62-71.

73.

Hillegass JM, Shukla A, Lathrop SA, et al. Inflammation precedes the development of
human malignant mesotheliomas in a SCID mouse xenograft model. Ann N Y Acad
Sci;1203:7-14.

74.

Abrahao AC, Castilho RM, Squarize CH, Molinolo AA, Santos-Pinto DD, Jr., Gutkind
JS. A role for COX2-derived PGE2 and PGE2-receptor subtypes in head and neck
squamous carcinoma cell proliferation. Oral Oncol;46:880-7.

75.

Wang D, DuBois RN. Prostaglandins and cancer. Gut 2006;55:115-122.

76.

Soslow RA, Dannenberg AJ, Rush D, et al. COX-2 is expressed in human pulmonary,
colonic, and mammary tumors. Cancer 2000;89:2637-45.

77.

Eberhart CE, Coffey RJ, Radhika A, Giardiello FM, Ferrenbach S, DuBois RN. Upregulation of cyclooxygenase 2 gene expression in human colorectal adenomas and
adenocarcinomas. Gastroenterology 1994;107:1183-8.

78.

Backlund MG, Mann JR, Holla VR, et al. 15-Hydroxyprostaglandin dehydrogenase is
down-regulated in colorectal cancer. J Biol Chem 2005;280:3217-23.

55

79.

Chiu CH, McEntee MF, Whelan J. Sulindac causes rapid regression of preexisting tumors
in Min/+ mice independent of prostaglandin biosynthesis. Cancer Res 1997;57:4267-73.

80.

Oshima M, Dinchuk JE, Kargman SL, et al. Suppression of intestinal polyposis in Apc
delta716 knockout mice by inhibition of cyclooxygenase 2 (COX-2). Cell 1996;87:803-9.

81.

Rigas B, Goldman IS, Levine L. Altered eicosanoid levels in human colon cancer. J Lab
Clin Med 1993;122:518-23.

82.

Wang D, DuBois RN. Measurement of eicosanoids in cancer tissues. Methods Enzymol
2007;433:27-50.

83.

Wang D, Wang H, Shi Q, et al. Prostaglandin E(2) promotes colorectal adenoma growth
via transactivation of the nuclear peroxisome proliferator-activated receptor delta. Cancer
Cell 2004;6:285-95.

84.

Hansen-Petrik MB, McEntee MF, Johnson BT, et al. Selective inhibition of Delta-6
desaturase impedes intestinal tumorigenesis. Cancer Lett 2002;175:157-63.

85.

Whelan J, Petrik MB, McEntee MF, Obukowicz MG. Dietary EPA reduces tumor load in
ApcMin/+ mice by altering arachidonic acid metabolism, but conjugated linoleic acid,
gamma--and alpha-linolenic acids have no effect. Adv Exp Med Biol 2002;507:579-84.

56

86.

Petrik MB, McEntee MF, Chiu CH, Whelan J. Antagonism of arachidonic acid is linked
to the antitumorigenic effect of dietary eicosapentaenoic acid in Apc(Min/+) mice. J Nutr
2000;130:1153-8.

87.

Melissa B. Hansen Petrik MFM, Chun-Hung Chiu and Jay Whelan. Antagonism of
Arachidonic Acid is Linked to the Antitumorigenic Effect of Dietary Eicosapentaenoic
Acid in Apc min/+ Mice1. American Society for Nutritional Sciences 2000:1153-1158.

88.

Melissa B. Hansen Petrik MFM, Benjamin T. Johnson, Mark G. Obukowicz, Jaime
Masferrer, Ben Zweifel, Chun-Hung Chiu and Jay Whelan. Selective inhibition of delta-6
desaturase impedes intestinal tumorgenesis. Cancer Letters 2002;175:157-163.

89.

Chan AT, Ogino S, Fuchs CS. Aspirin and the risk of colorectal cancer in relation to the
expression of COX-2. N Engl J Med 2007;356:2131-42.

90.

Thun MJ, Namboodiri MM, Heath CW, Jr. Aspirin use and reduced risk of fatal colon
cancer. N Engl J Med 1991;325:1593-6.

91.

Institute of Medicine, Food and Nutrition Board. Dietary reference Intakes for energy,
carbohydrate, fiber, fat, fatty acids, cholesterol, protein, and amino acids. Washington,
DC: National Academy Press, 2010.

92.

57
Stephen A, Wald N. Trends in individual consumption of dietary fat in the United States,
1920-1984. Am J Clin Nutr 1990;52:457-469.

93.

Barr LH, Dunn GD, Brennan MF. Essential fatty acid deficiency during total parenteral
nutrition. Ann Surg 1981;193:304-11.

94.

Cuthbertson W. Essential fatty acid requirements in infancy. Am J Clin Nutr
1976;29:559-568.

95.

James M, Gibson R, D'Angelo M, Neumann M, Cleland L. Simple relationships exist
between dietary linoleate and the n-6 fatty acids of human neutrophils and plasma. Am J
Clin Nutr 1993;58:497-500.

96.

Valsta LM SI, Aro A, Mutanen M. Alpha-linolenic acid in rapeseed oil partly
compensates for the effect of fish restriction on plasma long chain n-3 fatty acids. Eur J
Clin Nutr 1996;50:229-35.

97.

Lands WE. Dietary fat and health: the evidence and the politics of prevention: careful use
of dietary fats can improve life and prevent disease. Ann N Y Acad Sci. 2005;1055:179192.

98.

Lands B. A critique of paradoxes in current advice on dietary lipids. Progress in Lipid
Research 2008;47:77-106.

58
99.

Simopoulos AP. The importance of omega-6/omega-3 fatty acid ratio in cardiovascular
disease and other chronic diseases. 2008:674-685.

100.

Ramsden CE, Hibbeln JR, Lands WE. Letter to the Editor re: Linoleic acid and coronary
heart disease. Prostaglandins Leukot Essent Fatty Acids (2008), by W.S. Harris.
Prostaglandins Leukot and Essent Fatty Acids, 2009:77-77.

101.

Simopoulos AP. The importance of the omega-6/omega-3 fatty acid ratio in
cardiovascular disease and other chronic diseases. Exp Biol Med 2008;233:674-688.

102.

Adam O. AT, N. Zollner. Influence of dietary linoleic acid intake with different fat
intakes on arachidonic acid concentrations in plasma and platelet lipids and eicosanoid
biosynthesis in female volunteers. Ann Nutr Metab 2003;47:31-36.

103.

Lasserre M, Mendy F, Spielmann D, Jacotot B. Effects of different dietary intake of
essential fatty acids on C20∶3ω6 and C20∶4ω6 serum levels in human adults. Lipids
1985;20:227-233.

104.

Angela Liou Y, Innis SM. Dietary linoleic acid has no effect on arachidonic acid, but
increases n-6 eicosadienoic acid, and lowers dihomo-[gamma]-linolenic and
eicosapentaenoic acid in plasma of adult men. Prostaglandins Leukot and Essent Fatty
Acids 2009;80:201-206.

105.

59
Wall RR, R Paul; Fitzgerald, Gerald F; Stanton, Catherine. Fatty acids from fish: the antiinflammatory potential of long-chain omega-3 fatty acids. Nutr Rev 2010;68:280-289.

106.

Layé S. Polyunsaturated fatty acids, neuroinflammation and well being. Prostaglandins
Leukot and Essent Fatty Acids 2010;82:295-303.

107.

McEntee MF, Whelan J. Dietary polyunsaturated fatty acids and colorectal neoplasia.
Biomed Pharmacother 2002;56:380-387.

108.

Allayee H, Roth N, Hodis HN. Polyunsaturated fatty acids and cardiovascular disease:
implications for nutrigenetics. J Nutrigenet and Nutrigenomics 2009;2:140-148.

109.

Mohrhauer H, Holman RT. The effect of dose level of essential fatty acids upon fatty
acid composition of the rat liver. J Lipid Res 1963;4:151-159.

110.

Renaud SC, Ruf JC, Petithory D. The positional distribution of fatty acids in palm oil and
lard influences their biologic effects in rats. J Nutr 1995;125:229-237.

111.

Liou YA, Innis SM. Dietary linoleic acid has no effect on arachidonic acid, but increases
n-6 eicosadienoic acid, and lowers dihomo-[gamma]-linolenic and eicosapentaenoic acid
in plasma of adult men. Prostaglandins Leukot and Essent Fatty Acids 2009;80:201-206.

60
112.

O. Adam AT, N. Zollner. Influence of dietary linoleic acid intake with different fat
intakes on arachidonic acid concentrations in plasma and platelet lipids and eicosanoid
biosynthesis in female volunteers. Ann Nutr Metab 2003;47:31-36.

113.

King IB, Lemaitre RN, Kestin M. Effect of a low-fat diet on fatty acid composition in red
cells, plasma phospholipids, and cholesterol esters: investigation of a biomarker of total
fat intake. Am J Clin Nutr 2006;83:227-236.

114.

Raatz SK BD, Thomas W, Kris-Etherton P. Total fat intake modifies plasma fatty acid
composition in humans. J Nutr 2001;131:231-234.

115.

Grimsgaard S, Bonaa K, Hansen J, Nordoy A. Highly purified eicosapentaenoic acid and
docosahexaenoic acid in humans have similar triacylglycerol-lowering effects but
divergent effects on serum fatty acids. Am J Clin Nutr 1997;66:649-659.

116.

Geppert J, Demmelmair H, Hornstra G, Koletzko B. Co-supplementation of healthy
women with fish oil and evening primrose oil increases plasma docosahexaenoic acid, γlinolenic acid and dihomo-γ-linolenic acid levels without reducing arachidonic acid
concentrations. Br J Nutr 2008;99:360-369.

117.

Lichtenstein AH, Matthan NR, Jalbert SM, Resteghini NA, Schaefer EJ, Ausman LM.
Novel soybean oils with different fatty acid profiles alter cardiovascular disease risk
factors in moderately hyperlipidemic subjects. Am J Clin Nutr 2006;84:497-504.

61

118.

Angela Liou Y, King DJ, Zibrik D, Innis SM. Decreasing linoleic acid with constant
{alpha}-linolenic acid in dietary fats increases (n-3) eicosapentaenoic acid in plasma
phospholipids in healthy men. J Nutr 2007;137:945-952.

119.

Vega-Lopez S, Ausman LM, Jalbert SM, Erkkila AT, Lichtenstein AH. Palm and
partially hydrogenated soybean oils adversely alter lipoprotein profiles compared with
soybean and canola oils in moderately hyperlipidemic subjects. Am J Clin Nutr
2006;84:54-62.

120.

Geppert J, Kraft V, Demmelmair H, Koletzko B. Docosahexaenoic acid supplementation
in vegetarians effectively increases omega-3 index: A randomized trial. Lipids
2005;40:807-814.

121.

Goyens PL, Spilker ME, Zock PL, Katan MB, Mensink RP. Conversion of {alpha}linolenic acid in humans is influenced by the absolute amounts of {alpha}-linolenic acid
and linoleic acid in the diet and not by their ratio. Am J Clin Nutr 2006;84:44-53.

122.

Li D, Sinclair A, Wilson A, et al. Effect of dietary {alpha}-linolenic acid on thrombotic
risk factors in vegetarian men. Am J Clin Nutr 1999;69:872-882.

123.

62
Mantzioris E, James M, Gibson R, Cleland L. Dietary substitution with an alpha-linolenic
acid-rich vegetable oil increases eicosapentaenoic acid concentrations in tissues. Am J
Clin Nutr 1994;59:1304-1309.

124.

Thijssen MAMA, Hornstra G, Mensink RP. Stearic, oleic, and linoleic acids have
comparable effects on markers of thrombotic tendency in healthy human subjects. J Nutr
2005;135:2805-2811.

125.

Montoya MT, Porres A, Serrano S, et al. Fatty acid saturation of the diet and plasma lipid
concentrations, lipoprotein particle concentrations, and cholesterol efflux capacity. Am J
Clin Nutr 2002;75:484-491.

126.

Tahvonen RL, Schwab US, Linderborg KM, Mykkänen HM, Kallio HP. Black currant
seed oil and fish oil supplements differ in their effects on fatty acid profiles of plasma
lipids, and concentrations of serum total and lipoprotein lipids, plasma glucose and
insulin. J Nutr Biochem 2005;16:353-359.

127.

Mills De PK, Harvey KA, Ward RP. Dietary fatty acid supplementation alters stress
reactivity and performance in man. J Hum Hypertens 1989;3:111-6.

128.

Miles EA, Banerjee T, Calder PC. The influence of different combinations of [gamma]linolenic, stearidonic and eicosapentaenoic acids on the fatty acid composition of blood

63
lipids and mononuclear cells in human volunteers. Prostaglandins Leukot and Essent
Fatty Acids 2004;70:529-538.

129.

Thies F, Nebe-von-Caron G, Powell JR, Yaqoob P, Newsholme EA, Calder PC. Dietary
supplementation with eicosapentaenoic acid, but not with other long-chain n-3 or n-6
polyunsaturated fatty acids, decreases natural killer cell activity in healthy subjects aged
>55 y. Am J Clin Nutr 2001;73:539-548.

130.

Yaqoob P PH, Cortina-Borja M Newsholme, EA, Calder PC. Encapsulated fish oil
enriched in alpha-tocopherol alters plasma phospholipid and mononuclear cell fatty acid
compositions but not mononuclear cell functions. Eur J Clin Invest 2000;30:260-74.

131.

Ebden P, Bevan C, Banks J, Fennerty A, Walters EH. A study of evening primrose seed
oil in atopic asthma. Prostaglandins, Leukot and Essent Fatty Acids 1989;35:69-72.

132.

Johnson MM, Swan DD, Surette ME, et al. Dietary Supplementation with gamma linolenic acid alters fatty acid content and eicosanoid production in healthy humans. J
Nutr 1997;127:1435-1444.

133.

Ishikura Y, Ikeda G, Akimoto K, et al. Arachidonic acid supplementation decreases P300
latency and increases P300 amplitude of event-related potentials in healthy elderly men.
Neuropsychobiology 2009;60:73-79.

134.

64
Nelson G, Schmidt P, Bartolini G, et al. The effect of dietary arachidonic acid on plasma
lipoprotein distributions, apoproteins, blood lipid levels, and tissue fatty acid composition
in humans. Lipids 1997;32:427-433.

135.

Kusumoto A, Ishikura Y, Kawashima H, Kiso Y, Takai S, Miyazaki M. Effects of
arachidonate-enriched triacylglycerol supplementation on serum fatty acids and platelet
aggregation in healthy male subjects with a fish diet. Br J Nutr 2007;98:626-635.

136.

Sinclair AJ, Mann NJ. Short-term diets rich in arachidonic acid influence plasma
phospholipid polyunsaturated fatty acid levels and prostacyclin and thromboxane
production in humans. J Nutr 1996;126:1110S-1114.

137.

Whelan J, McEntee MF. Dietary (n-6) PUFA and intestinal tumorigenesis. J Nutr
2004;134:3421S-3426.

138.

Whelan J, Jahns L, Kavanagh K. Docosahexaenoic acid: Measurements in food and
dietary exposure. Prostaglandins Leukot and Essent Fatty Acids 2009;81:133-136.

139.

Rapoport SI. Brain arachidonic and docosahexaenoic acid cascades are selectively altered
by drugs, diet and disease. Prostaglandins Leukot and Essent Fatty Acids 2008;79:153156.

65
140.

Whelan J, Surette ME, Hardardottir I, et al. Dietary arachidonate enhances tissue
arachidonate levels and eicosanoid production in syrian hamsters. J Nutr 1993;123:21742185.

141.

Demmelmair, Iser, Rauh P, Koletzko. Comparison of bolus versus fractionated oral
applications of [13C]-linoleic acid in humans. Eur J Clin Invest 1999;29:603-609.

66
APPENDIX

50
40
30
20
10
0
-10
-20
-30
-40
-50
-100

-80

-60

-40

-20

Decreasing Dietary LA (% energy)

0

Change in AA Content (%) in Plasma/Serum PL

67

Figure 4: Effects of decreasing dietary linoleic acid (LA) intake (% change) based on energy on
changes in plasma/serum phospholipid arachidonic acid (AA) content. Significant changes
(p<0.05) in AA as reported in the original papers are designated as triangles. Non-significant AA
changes as reported in the original papers are designated as diamonds. Abbreviations: AA,
arachidonic acid; LA, linoleic acid; PL, phospholipid.
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Figure 5: Effects of increasing dietary linoleic acid (LA) intake (% change) based on energy on
changes in plasma/serum phospholipid arachidonic acid (AA) content. Significant changes
(p<0.05) in AA as reported in the original papers are designated as triangles. Non-significant AA
changes as reported in the original papers are designated as diamonds. Abbreviations: AA,
arachidonic acid; LA, linoleic acid; PL, phospholipid.
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Figure 6: Effects of increasing dietary linoleic acid (LA) intake (g/d) on changes in
plasma/serum phospholipid arachidonic acid (AA) content. Significant changes (p<0.05) in AA
as reported in the original papers are designated as triangles. Non-significant AA changes as
reported in the original papers are designated as diamonds. Abbreviations: AA, arachidonic acid;
LA, linoleic acid; PL, phospholipid.
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Figure 7: Effects of increasing dietary linoleic acid (LA) (% change) intake based on energy on
changes in erythrocyte (RBC) phospholipid arachidonic acid (AA) content. Significant changes
(p<0.05) in AA as reported in the original papers are designated as triangles. Non-significant AA
changes as reported in the original papers are designated as diamonds. Abbreviations: AA,
arachidonic acid; LA, linoleic acid; PL, phospholipid.
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Figure 8: Effects of decreasing dietary linoleic acid (LA) (% change) based on energy on
changes in erythrocyte (RBC) phospholipid arachidonic acid (AA) content. Significant changes
(p<0.05) in AA as reported in the original papers are designated as triangles. Non-significant AA
changes as reported in the original papers are designated as diamonds. Abbreviations: AA,
arachidonic acid; LA, linoleic acid; PL, phospholipid.
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Figure 9: Effects of increasing dietary gamma-linolenic acid (GLA) (mg/d) on changes in
plasma/serum phospholipid arachidonic acid (AA) content. Significant changes (p<0.05) in AA
as reported in the original papers are designated as triangles. Non-significant AA changes as
reported in the original papers are designated as diamonds. Abbreviations: AA, arachidonic acid;
GLA, gamma-linolenic acid; PL, phospholipid
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Figure 10: Effects of increasing dietary arachidonic acid (AA) (% change) based on energy on
changes in plasma/serum phospholipid AA content. Significant changes (p<0.05) in AA as
reported in the original papers are designated as triangles. Non-significant AA changes as
reported in the original papers are designated as diamonds. Abbreviations: AA, arachidonic acid;
PL, phospholipid.

74
VITA
Brian Rett was born in Florida and moved to Colorado before starting public school. He moved
to Laramie, Wyoming in 2003 to begin his college education. He majored in Nutrition and
graduated in 2008. In that same year, he was accepted and attended graduate school at the
University of Tennessee. He has earned a Master of Science degree in Nutrition in May 2011.
Future plans include a doctoral degree.

